Published: February 14, 2017

Introduction {#sec1}
============

Congenital microcephaly (CM) is a heterogeneous group of disorders characterized by reduced head circumference at birth to at least three SDs below the mean ([@bib2], [@bib7], [@bib30], [@bib45], [@bib59]). CM can be the result of non-genetic conditions, such as viral infections or toxic exposure, or can be generated by rare genetic disorders, usually characterized by autosomal recessive inheritance ([@bib45]). For example, a severe CM has been observed in individuals bearing mutations in genes involved in DNA repair, centrosome function, microtubule organization, and spindle orientation ([@bib12], [@bib36]). In primary hereditary microcephaly (MCPH), brain volume reduction is the main clinical phenotype, associated with conserved brain architecture and mild to moderate intellectual disability ([@bib24], [@bib45]).

Recent studies have identified mutations of the *CIT* gene, leading to loss or inactivation of the citron rho-interacting serine/threonine kinase (henceforth designated as CITK) in patients affected by severe microlissencephaly ([@bib3], [@bib21], [@bib28], [@bib56]), with strong neuron depletion and a high frequency of binucleated cells ([@bib21]). Consistent with these findings, previous reports had demonstrated that CITK loss in mice and rats (*CitK* −/−) causes a dramatic form of microcephaly, disproportionate with respect to body size, and an association with ataxia and epilepsy leading to perinatal death ([@bib10], [@bib50]). In these animal models, neuronal loss is primarily due to massive apoptosis, occurring throughout brain development ([@bib1], [@bib10], [@bib50], [@bib55]).

CITK is a conserved protein involved in midbody maturation and cytokinetic abscission, from insects to mammals ([@bib9], [@bib38]). In *CitK −/−* mice, cytokinesis failure occurs with high penetrance in neuronal progenitors ([@bib10], [@bib15]), producing binucleated and polyploid cells. It has therefore been postulated that apoptosis from CITK loss is a consequence of impaired cytokinesis ([@bib10]). However, studies performed in many different models indicate that cytokinesis failure leads more frequently to cell cycle arrest than apoptosis ([@bib17], [@bib43]). Thus, it is possible that cytokinesis failure and apoptosis are two independent consequences of CITK loss. In this study, we investigated the basis of apoptosis induction in *CitK* −/− mice.

Results {#sec2}
=======

CITK Is Required for DNA Integrity in Developing Mouse Brain {#sec2.1}
------------------------------------------------------------

Because, in microcephaly models, apoptosis has frequently been associated with DNA damage ([@bib45]) and because DNA damage seems to occur at increased frequency in polyploid cells ([@bib61]), we asked whether developing brains of *CitK* −/− mice show more DNA lesions than littermate controls. To detect these lesions, we used quantitative immunofluorescence to visualize nuclear foci of phosphorylated histone H2AX (γH2AX), an established marker of DNA damage ([@bib58]). This analysis revealed that the developing neocortex of *CitK* −/− mice exhibits a significant increase in cells with high content of γH2AX foci ([Figures 1](#fig1){ref-type="fig"}A and 1B). At embryonic day 14.5 (E14.5), frequent γH2AX-positive cells are found in ventricular and subventricular regions ([Figure 1](#fig1){ref-type="fig"}A), which contain most cortical mitotic cells, but also in the intermediate region and cortical plate (not shown), which contain post-mitotic and differentiating cells. Notably, most cortical cells with bright nuclear γH2AX do not show apoptotic morphology, whereas the majority of apoptotic nuclei are γH2AX negative ([Figure 1](#fig1){ref-type="fig"}A), suggesting that the increase of γH2AX is not a secondary effect of apoptosis induction. Western blot analysis showed that *CitK −/−* mice have significantly increased levels of γH2AX in the developing cerebellum ([Figure 1](#fig1){ref-type="fig"}C), which is the tissue most severely affected by CITK loss ([@bib10]). In addition, developing cortices of *CitK* −/− mice display a significant increase of nuclei with 53BP1 foci ([Figure S1](#mmc1){ref-type="supplementary-material"}A), suggesting that the accumulation of γH2AX may derive from increased DNA double-strand breaks (DSBs) ([@bib52]).

To elucidate the relationship between DSB accumulation and cytokinesis failure in CitK −/− brains, we examined cultures of cortical neural progenitor cells (NPCs) obtained from E12.5 embryos. Compared to the developing tissue, these cells allow better analysis of γH2AX and 53BP1 foci, as well as definition of nuclear morphology and DNA content. *CitK* −/− NPCs show a significant increase of γH2AX and 53BP1 foci compared to *CitK* +/+ controls ([Figures 1](#fig1){ref-type="fig"}D and 1E). Moreover, most 53BP1 foci are also positive for γH2AX staining ([Figure 1](#fig1){ref-type="fig"}D), consistent with an increase in DSBs frequency in CitK-depleted cells. We next asked whether DNA damage accumulation in *CitK* −/− NPCs correlates with cytokinesis failure. As previously observed in vivo ([@bib10]), NPC cultures from *CitK* −/− embryos show a high frequency of binucleated cells and of cells with large nuclei and an increased DNA content, which are likely to result from one or multiple rounds of cytokinesis failures ([Figures S1](#mmc1){ref-type="supplementary-material"}B and S1C). In control cells, the fraction of nuclei with more than five γH2AX foci is significantly higher in tetraploid/polyploid cells compared to diploid cells ([Figure 1](#fig1){ref-type="fig"}F). Moreover, tetraploid/polyploid cells of *CitK* −/− cultures show an even higher prevalence of γH2AX positivity compared to tetraploid/polyploid controls ([Figure 1](#fig1){ref-type="fig"}F). Interestingly enough, diploid *CitK* −/− cells also show a significant increase in the frequency of γH2AX-positive nuclei compared to diploid control cells ([Figure 1](#fig1){ref-type="fig"}F). To further elucidate this finding, we analyzed the prevalence of γH2AX-positive nuclei in post-mitotic neurons and in proliferating progenitors, identified by immunostaining with the markers TuJ (TUBB3) and Nestin, respectively ([Figures S1](#mmc1){ref-type="supplementary-material"}D--S1G). This analysis revealed that 58% of *CitK* −/− diploid precursors and 34% of *CitK* −/− diploid neurons show more than five foci per nucleus, whereas in the diploid control cells, these frequencies are 17% and 8%, respectively ([Figures S1](#mmc1){ref-type="supplementary-material"}D--S1G). Thus, in developing *CitK* −/− NPCs, a significant accumulation of DNA lesions occurs in both proliferating and differentiating diploid cells. Because mouse diploid cells are most likely generated by normal cytokinesis, these results suggest that a large fraction of the DSBs burden that characterizes *CitK* −/− neural progenitors is unrelated to cytokinesis failure.

The Role of CITK in Maintenance of Genome Integrity Is Phylogenetically Conserved and Unrelated to Cytokinesis Control {#sec2.2}
----------------------------------------------------------------------------------------------------------------------

To assess whether CITK loss leads to increased DNA damage also in human cells, we used RNAi to induce CITK depletion in the *TP53*-proficient medulloblastoma cell line ONS-76 ([@bib35]). We chose these cells because they closely resemble cerebellar granule progenitors, which are severely affected by CITK loss also in humans ([@bib21]). Similar to mouse NPCs, CITK-depleted ONS-76 cells ([Figure S2](#mmc1){ref-type="supplementary-material"}A) display significant increase in γH2AX foci ([Figure S2](#mmc1){ref-type="supplementary-material"}B), as compared to cells expressing control small interfering RNA (siRNA). To evaluate whether the DNA damage detected by γH2AX accumulation leads to chromosome instability, we analyzed metaphase chromosome of CITK-depleted and control ONS-76 cells 48 hr after siRNA transfection. Metaphases of cells transfected with control siRNA show a hyper-triploid chromosome number (range between 74 and 80 chromosomes), with low frequency of chromosome aberrations (CABs) ([Figures 2](#fig2){ref-type="fig"}A and 2B). In contrast, metaphases of CITK-depleted ONS-76 cells bearing a chromosome number similar to control cells (which therefore did not fail cytokinesis in the previous mitosis) show a significant increase of CABs ([Figures 2](#fig2){ref-type="fig"}A and 2B). This result further indicates that CITK loss favors the accumulation of DSBs independently of cytokinesis failure.

As long as CITK serves an evolutionarily conserved function in the control of final cytokinesis events ([@bib9], [@bib15], [@bib38]), we asked whether its protective role from DNA damage is also conserved. We thus investigated *Drosophila* larval brains for the presence of DNA damage foci by immunostaining for the histone variant γH2Av (the *Drosophila* ortholog of mammalian γH2AX). We compared wild-type larval brains with brains from larvae homozygous for either *dck*^*1*^ or *dck*^*2*^, two mutant alleles in the *Drosophila citron kinase* gene (also called *sticky*; see FlyBase; [@bib9], [@bib38]). Because both mutations cause cytokinesis failures, in our comparative analyses, we only considered mutant nuclei that were likely to be diploid. In *dck*^*1*^ and *dck*^*2*^ mutant brains, diploid nuclei with six or more γH2Av foci are significantly more frequent (84% and 80%, respectively) compared to wild-type (12%; [Figures 2](#fig2){ref-type="fig"}C and 2D). To confirm and extend these results, we examined diploid metaphases from both wild-type and *dck* mutant brains for the presence of CABs. Consistent with our previous results ([@bib32], [@bib34]), wild-type brains show a very low CABs frequency (∼0.003/metaphase). In contrast, brains from larvae homozygous for either *dck* mutant allele displayed a 4-fold increase in the CABs frequency compared to controls ([Figures 2](#fig2){ref-type="fig"}E and 2F). Remarkably, the observed increases in the CABs frequencies are comparable with those seen for DNA repair foci. Because both γH2Av repair foci and CABs are thought to be the generated by DSBs ([@bib11], [@bib47]), it is likely that wild-type *dck* protects cells from this type of DNA lesion.

The finding that increases in both foci and CABs are found in diploid cells rules out the possibility that they are the consequence of defects in cytokinesis. Consistent with this conclusion, diploid cells from larval brains of other *Drosophila* mutants strongly defective in cytokinesis did not show any increase in CABs compared to wild-type controls. For example, in mutants in *spaghetti squash* (*sqh*) (encoding a regulatory light chain of the nonmuscle type 2 myosin; [@bib25]) or *twinstar* (*tsr*) (that encodes a *Drosophila* cofilin/ADF homolog; [@bib19]), the frequencies of CABs were not significantly different from controls ([Figure 2](#fig2){ref-type="fig"}F; 0.003 and 0.002 CABs/cell for *sqh* and *tsr*, respectively; 500 metaphases from at least eight brains examined in each mutant).

To obtain further insight into the mechanisms underlying generation of DNA damage in *dck* mutants, we asked whether they are sensitive to X-rays, which directly induce DNA breaks. Following irradiation (IR) (2.5 Gy), diploid cells of *dck* mutants show a 2-fold increase in the CABs frequency compared to controls ([Figure 2](#fig2){ref-type="fig"}F). Collectively, these results suggest that *dck* is involved in repair of DBSs and indicate that this role in maintenance of genome integrity is independent of its well-known function in cytokinesis completion ([@bib4], [@bib9], [@bib15], [@bib38]).

CITK Is Critical for Recovery from DNA Damage and for RAD51 Recruitment at DSBs {#sec2.3}
-------------------------------------------------------------------------------

To further analyze the role of CITK in DNA damage response, we used HeLa cells, which are known to be sensitive to CITK depletion ([@bib15], [@bib33]). We found that RNAi-mediated CITK deficiency increases the number of γH2AX and 53BP1 foci in mononucleated HeLa cells, although to a lesser extent than in NPCs ([Figures 3](#fig3){ref-type="fig"}A--3D). DSBs accumulation is already detectable 48 hr after siRNA transfection, a time at which CITK is depleted ([@bib15]), but the cell cycle profile is not yet perturbed by the occurrence of cytokinesis failure ([Figure S2](#mmc1){ref-type="supplementary-material"}D) and accumulation of cells in mitosis ([Figure S2](#mmc1){ref-type="supplementary-material"}E).

To investigate the role of CITK in the recovery from DNA damage induced by ionizing radiations (IRs), control and CITK-depleted HeLa cells were irradiated (4 Gy) and analyzed over 24 hr for the formation and dissolution of γH2AX and 53BP1 foci. After 30 min post-IR, CITK-depleted cells showed a significantly higher frequency of foci compared to mock-treated cells ([Figures 3](#fig3){ref-type="fig"}A--3D). Moreover, DNA-damage foci resolved with a slower kinetic than in controls ([Figures 3](#fig3){ref-type="fig"}A--3D). The increased sensitivity of CITK-depleted HeLa cells to IR seems not to be affected by cell cycle stage, as increased frequency of foci is observed in both cyclin-B1-negative cells (which are mostly in G1/S phase) and cyclin-B1-positive cells (which are mostly in G2; [Figures S2](#mmc1){ref-type="supplementary-material"}F and S2G). CITK-depleted cells showed reduced plating efficiency in a clonogenic survival assay ([Figure 3](#fig3){ref-type="fig"}E), as well as a reduced growth potential when treated with different doses of X-rays ([Figure 3](#fig3){ref-type="fig"}F). Altogether, these results are consistent with a role of CITK in DSBs repair.

DSBs are mainly repaired by the non-homologous end joining (NHEJ) or homologous recombination (HR) pathways ([@bib5]). CITK was reported to interact with the KIF4A chromokinesin ([@bib31]) and with CDKN1B (P27) ([@bib54]), both implicated in HR ([@bib53], [@bib60]), suggesting that also CITK could play a role in this process. To investigate the involvement of CITK in proximal DSBs repair events, we evaluated whether 53BP1 (early DSBs marker; [@bib42]), Phospho-RPA (P-RPA), or RAD51 (which both bind sequentially to single-strand DNA during HR; [@bib6]) are normally recruited to γH2AX foci in nuclei of IR-treated CITK-depleted and control cells. No differences were observed in relative intensities and co-localization of 53BP1 and γH2AX foci ([Figures S3](#mmc1){ref-type="supplementary-material"}A--S3C) or of P-RPA and γH2AX foci ([Figures S3](#mmc1){ref-type="supplementary-material"}D and S3E), suggesting that the molecular events comprised from early DSBs recognition to end resection are not perturbed by CITK loss. In contrast, in CITK-depleted cells, the intensity of RAD51 signals ([Figure 4](#fig4){ref-type="fig"}A and 4D) and the γH2AX/RAD51 fluorescence ratio ([Figure 4](#fig4){ref-type="fig"}E) are both substantially reduced compared to controls. Interestingly, we also found that CITK depletion decreases the fraction of RAD51 signals that co-localize with γH2AX foci ([Figures 4](#fig4){ref-type="fig"}A--4C), as confirmed by quantitative analysis ([Figure 4](#fig4){ref-type="fig"}F).

We next asked whether RAD51 recruitment to DSBs is similarly compromised in developing cortex by evaluating the spontaneous DNA-damage foci arising in control and *CitK* −/− NPCs. Also in this case, we observed a reduced γH2AX/RAD51 fluorescence ratio ([Figures 4](#fig4){ref-type="fig"}G and 4H), which is not due to a reduction in the RAD51 intracellular level. Indeed, in developing neural tissues of *CitK −/−* mice, the RAD51 protein levels are not significantly reduced compared to controls ([Figure S3](#mmc1){ref-type="supplementary-material"}D) as also occurs in CITK-depleted cell cultures (data not shown). To further elucidate the interplay between CITK and RAD51, we explored the possibility that they can form protein complexes. We found that both overexpressed and endogenous CITK can be detected in endogenous RAD51 immunoprecipitations ([Figures 4](#fig4){ref-type="fig"}I--4J). The association of the two proteins is not mediated by DNA, as it is not affected by DNase treatment ([Figure S4](#mmc1){ref-type="supplementary-material"}A). However, endogenous RAD51 could be detected in CITK immunoprecipitates only when CITK was overexpressed ([Figure S4](#mmc1){ref-type="supplementary-material"}B). Interestingly, endogenous RAD51 can interact even more efficiently with CITN (an isoform of *CIT* lacking the amino-terminal kinase domain; [@bib29]) and with a kinase-dead mutant of CITK ([Figure S4](#mmc1){ref-type="supplementary-material"}C), indicating that the catalytic activity of CITK may modulate the CITK-RAD51 interaction. Altogether, these results suggest that CITK may participate in HR pathway by promoting RAD51 accumulation at end-resected DSB.

CITK Loss Leads to Neural Progenitors' Apoptosis through TP53 Activation {#sec2.4}
------------------------------------------------------------------------

Consistent with the increased levels of DNA damage in CITK-depleted cells, the developing cerebellum of *CitK* −/− mice displayed an increased activation (phosphorylation) of the ATM kinase compared to non-mutant tissues ([Figures S5](#mmc1){ref-type="supplementary-material"}A and S5B). ATM activation is accompanied by a strong increase of the TP53 phosphorylation at Ser-15 ([Figure 5](#fig5){ref-type="fig"}A), a post-translational modification that strongly correlates with TP53 activation ([@bib57]). These results suggest that the DNA damage arising in developing *CitK* −/− brains leads to TP53 activation and TP53-dependent apoptosis of neural progenitors and neurons.

To test this possibility, we crossed *CitK* knockout mice into a *Trp53*-null background ([@bib62]). The intercross of the two knockout lines produces all possible genotypes with the expected Mendelian frequencies (data not shown). Morphological examination of *CitK Trp53* double-knockout (DKO) brains revealed a significant increase in brain size compared with *Trp53*-proficient *CitK* −/− animals, although DKO brains are still smaller than littermate controls ([Figure 5](#fig5){ref-type="fig"}B). Consistent with this finding, histological examination of DKO mice revealed a significant recovery of cortical ([Figure S6](#mmc1){ref-type="supplementary-material"}A) and cerebellar granular layer thickness ([Figure S6](#mmc1){ref-type="supplementary-material"}B), correlated with good recovery of Purkinje cells' lining and dendritic arborization ([Figure 5](#fig5){ref-type="fig"}C). We also observed a dramatic recovery of calretinin-positive GABA-ergic interneurons throughout the cortex ([Figure 5](#fig5){ref-type="fig"}D) and of olfactory granules' precursors in rostral migratory stream ([Figure S6](#mmc1){ref-type="supplementary-material"}C). Finally, the number of granule cells in the dentate gyrus of the hippocampus is increased, whereas the structure appears to be disorganized ([Figure S6](#mmc1){ref-type="supplementary-material"}D).

To investigate whether the anatomical rescue obtained by TP53 loss in *CitK* −/− animals is due to reduced apoptosis, TUNEL assay was performed on developing brains. The frequency of apoptotic cells was dramatically reduced in both cerebellum ([Figure 6](#fig6){ref-type="fig"}A) and telencephalon ([Figure 6](#fig6){ref-type="fig"}B) of DKO mice compared to *CitK −/− Trp53 +/−* mice.

Conversely, histological examination ([Figure 6](#fig6){ref-type="fig"}C) and flow cytometry ([Figure 6](#fig6){ref-type="fig"}D) revealed that DKO brains exhibit frequencies of binucleated/multinucleated cells even higher than those seen in *CitK −/− Trp53 +/−* mice. Similarly, the frequency of aberrant mitoses, such as tripolar metaphases and anaphases, was strongly increased in DKO brains compared to both *CitK* +/− *Trp53* +/− control brains and *CitK −/− Trp53* +/− brains ([Figures 6](#fig6){ref-type="fig"}E and 6F). Importantly, developing cerebellum and neocortex of DKO mice showed levels of DNA damage (γH2AX levels) and ATM activation comparable to those detected in *TP53*-proficient *CitK* −/− samples ([Figures S7](#mmc1){ref-type="supplementary-material"} and [S5](#mmc1){ref-type="supplementary-material"}, respectively), providing further support to the conclusion that DNA damage is a primary outcome of CITK deficiency and not a consequence of apoptosis.

CITK Loss Activates TP53-Dependent and TP53-Independent Transcriptional Responses {#sec2.5}
---------------------------------------------------------------------------------

To further characterize the molecular events produced by CITK loss, we used RNA sequencing (RNA-seq) to compare the gene expression profiles of *CitK −/− Trp53* +/−, *CitK* +/− *Trp53 −/−*, and DKO mice with the profile of their *CitK* +/− *Trp53* +/− littermates, which were used as controls. As for the biochemical analyses, we analyzed gene expression in the developing cerebellum. Samples were collected at postnatal day 4 (P4), when the ratio between proliferating neuronal precursors and post-mitotic neurons in *CitK* mutant and control mice is still comparable ([@bib10]).

As expected, a comparison of cerebella from the four genotypes revealed that the *CitK* knockout is associated with decreased expression of neurogenesis-related genes, consistent with a strong loss of post-mitotic neurons ([@bib55]). Indeed, the keyword "neurogenesis" was the most statistically enriched (p = 1.9 E^−11^) in the annotation of the 354 genes downregulated in *CitK −/− Trp53* +/− mice compared with their *CitK* +/− *Trp53* +/− littermates ([Table S1](#mmc2){ref-type="supplementary-material"}); conversely, the keyword "p53 signaling pathway" was significantly enriched in the upregulated genes (p = 7.4 E^--4^; [Table S1](#mmc2){ref-type="supplementary-material"}). A comparison of DKO samples with *CitK* +/− *Trp53* +/− controls or with *CitK* +/− *Trp53 −/−* samples provided information on the genes whose expression is modulated by CITK loss in a TP53-independent fashion ([Table S1](#mmc2){ref-type="supplementary-material"}). An analysis of the gene lists generated by these comparisons confirmed that the altered expression of neurogenesis genes is not a direct consequence of CITK loss but is instead a likely consequence of TP53-dependent apoptosis. Indeed, only 26 genes were downregulated in DKO samples compared with either *CitK* +/− *Trp53* +/− or *CitK* +/− *Trp53 −/−* samples ([Table S1](#mmc2){ref-type="supplementary-material"}), and these genes did not include a significant number of the neurogenesis functions downregulated in *CitK −/− Trp53* +/− brains ([Table S1](#mmc2){ref-type="supplementary-material"}). As expected, genes of the TP53-effector pathway are not significantly upregulated in DKO brains ([Table S1](#mmc2){ref-type="supplementary-material"}). In particular, we did not observe upregulation of *TP53*-related and DNA-damage-related pro-apoptotic genes, such as *Pmaip1/Noxa* ([@bib39], [@bib51]), *Ccnd1* ([@bib26]), *Ccng1* ([@bib40]), and *Trp53cor1/LincRNA-p21* ([@bib20], [@bib23]). However, *Cdkn1a* and *Trp73*, two genes related to DNA damage and to TP53 function, were overexpressed in both DKO and *CitK −/− Trp53* +/− samples, indicating that their induction by CITK deficiency is largely TP53-independent. *Cdkn1a* induction was confirmed at the protein level ([Figure S6](#mmc1){ref-type="supplementary-material"}C). Interestingly, the other genes upregulated independently of TP53 in CITK-deficient samples include *Wif1*, *S100B*, *MyoD1*, and *Cend1* ([Table S1](#mmc2){ref-type="supplementary-material"}), which are implicated in cell cycle exit. Thus, in parallel with a TP53-dependent apoptotic program, loss of CITK activates a TP53-independent response that may promote cell cycle exit.

*Trp53* Inactivation Restores Clinical and Behavioral Defects of *CitK*-Null Mice {#sec2.6}
---------------------------------------------------------------------------------

*Trp53*-proficient *CitK* −/− mice die of lethal epileptic seizures within the first 2 weeks after birth, whereas DKO mice display strongly improved phenotype, with a lifespan almost indistinguishable from that of their *CitK* +/− *Trp53 −/−* littermates (p = 0.97; [Figure 7](#fig7){ref-type="fig"}A). Interestingly, even the deletion of a single *Trp53* allele is sufficient to extend the survival of *CitK* −/− mice (p = 0.0028; [Figure 7](#fig7){ref-type="fig"}A). The ataxic phenotype of *CitK* −/− *Trp53* +/− mice is largely corrected in their DKO littermates ([Movies S1](#mmc3){ref-type="supplementary-material"}, [S2](#mmc4){ref-type="supplementary-material"}, and [S3](#mmc5){ref-type="supplementary-material"}), which display normal frequency of horizontal movements ([Figure 7](#fig7){ref-type="fig"}B) and only a reduction in frequency of vertical movements ([Figure 7](#fig7){ref-type="fig"}C). Moreover, electroencephalographic (EEG) recordings are consistent with a strong functional rescue. In particular, in DKO mice, the bursts of high-amplitude poly-spikes that characterize the seizures observed in *CitK −/− Trp53* +/− mice were completely absent ([Figure 7](#fig7){ref-type="fig"}D). Accordingly, we never observed behavioral alterations compatible with seizures. A reduction of the mean dominant frequency (MDF) of theta region was the only difference that we could detect between the EEG pattern of DKO and *CitK* +/− *Trp53* +/− mice ([Figure 7](#fig7){ref-type="fig"}E).

In conclusion, the recovery of the neurological phenotype in DKO mice indicates that the neural progenitors with abnormal DNA content and elevated DNA damage, which would normally be eliminated through TP53-dependent apoptosis, are capable of differentiating and integrating into relatively normal neural circuits if TP53 is concomitantly lost.

Discussion {#sec3}
==========

This study provides insight into the role of CITK in cortical development and microcephaly. So far, the phenotype produced by CITK loss has been ascribed to massive apoptosis, directly or indirectly generated by cytokinesis failure ([@bib10], [@bib8], [@bib50]). This view was essentially based on the finding that *CitK* −/− mice and rats display cytokinesis failure and apoptosis in developing neural tissues ([@bib10], [@bib8], [@bib50]), a phenotype recently confirmed in human microcephaly patients with *CIT/CITK* mutations ([@bib3], [@bib21], [@bib28], [@bib56]). However, the mechanistic link between cytokinesis failure and apoptosis remained controversial. Data obtained from non-tumorigenic cell lines and from primary cells ([@bib17], [@bib27], [@bib43]) indicate that, rather than apoptosis, the main outcome of cytokinesis failure is G1 arrest, produced by TP53 activation ([@bib27]), cell senescence ([@bib43]), or activation of the Hippo pathway ([@bib17]). On the other hand, it is reasonable to hypothesize that cells failing to arrest after abortive cytokinesis would give rise to tetraploid or polyploid cells, which can lead to DNA damage ([@bib16], [@bib22], [@bib61]) and, consequently, to apoptosis ([@bib20]).

We showed that diploid cells from neuronal progenitor cultures from *CitK* −/− mice exhibit a significant increase in DNA repair foci compared to diploid cells of *CitK* +/+ control mice. Also CITK-depleted cells from human medulloblastoma displayed a substantial increase in the frequencies of CABs, with respect to mock-treated cells. Because the NPC and human medulloblastoma that we analyzed are unlikely to be the products of defective cytokinesis, these results strongly suggest that, in both cell types, DNA damage arises independently of cytokinesis. Moreover, we demonstrated that *Drosophila* diploid cells from *dck* mutant brains exhibit an increase in both DNA repair foci and CABs compared to diploid cells of wild-type brains. Collectively, these results indicate that, in a variety of systems, depletion of CITK leads to DNA damage independently of cytokinesis.

It has been shown that DNA damage can arise in cells that remain arrested in a prometaphase-metaphase stage for long periods, suggesting that a bock in metaphase can cause DNA lesions ([@bib22], [@bib41], [@bib46]). This possibility, however, is excluded for *Drosophila*, as our previous work showed that diploid cells of *dck*^*1*^ and *dck*^*2*^ mutant brains proceed normally though mitosis; mutant cells show mitotic indices and relative frequencies of prometaphases, metaphases, and anaphases that are fully comparable to those of wild-type controls ([@bib38]). This possibility is also excluded for CITK-depleted HeLa cells, as they show DNA damage when the cell cycle is not significantly perturbed ([Figure S3](#mmc1){ref-type="supplementary-material"}). Altogether, these results indicate that the evolutionarily conserved role of CITK in the maintenance of DNA integrity is largely independent of its role in cytokinesis.

Abundant evidence indicates that γH2AX repair foci and CABs are generated by DSBs ([@bib11], [@bib47]), suggesting that citron kinase protects cells from this type of DNA lesion. How does loss of CITK lead to these lesions? In theory, CITK loss could increase DSBs formation, decrease DSBs repair, or both. The relatively slow recovery of CITK-depleted cells from IR ([Figure 3](#fig3){ref-type="fig"}) suggests a deficiency in DSB repair. The reported interaction of CITK with KIF4A ([@bib60]) and p27 ([@bib54]) has further suggested that CITK may play a role in HR, as both proteins were previously implicated in this pathway. Consistent with this possibility, CITK-deficient cells displayed a specific reduction in RAD51 recruitment at γH2AX foci, whereas they showed normal recruitment of 53BP1 and P-RPA at these foci. Moreover, CITK and endogenous RAD51 co-purify in immunoprecipitation experiments, either when CITK is overexpressed or when it is present at normal background levels, supporting the idea of a functional interaction between these proteins. However, despite this interaction, we were not able to detect CITK accumulation at γH2AX foci (data not shown), suggesting that CITK is not directly required for RAD51 recruitment at foci. Our results also suggest that the CITK-RAD51 association can be modulated by CITK kinase activity ([Figure S4](#mmc1){ref-type="supplementary-material"}). A crucial role of CITK catalytic activity would be consistent with the high fraction of kinase-inactivating mutations found in microcephaly patients with mutations in the *CIT/CITK* gene ([@bib3], [@bib21], [@bib28], [@bib56]). Therefore, it will be very important to determine whether RAD51 is a direct CITK substrate.

Functional impairment of HR due to defective RAD51 recruitment to DNA lesions provides a possible explanation for DSBs formation in CITK-depleted cells. However, it must be considered that DNA lesions and IR sensitivity caused by CITK loss occur not only in cell cycle phases characterized by RAD51 expression but also in G1 and post-mitotic cells, in which RAD51 expression is very low. Therefore, future studies should clarify whether the NHEJ pathway is also compromised by CITK loss.

Our results indicate that pathogenesis of the *CIT/CITK*-dependent microcephaly syndrome is more complicated than previously thought. We have clearly shown that TP53 activation is a fundamental culprit of microcephaly. Indeed, similar to other mouse models bearing mutations in DNA repair genes ([@bib13], [@bib14], [@bib18], [@bib44]), apoptosis and most aberrant phenotypic traits of *CitK −/−* brains are reverted by TP53 inactivation. In particular, the rescue of lethality correlates with the disappearance of epileptic seizures ([Figure 7](#fig7){ref-type="fig"}E) and could be explained by the recovery of GABA-ergic interneurons ([Figure 5](#fig5){ref-type="fig"}), which play a crucial role in control of brain excitability ([@bib48]) and are severely affected by CITK loss ([Figure S5](#mmc1){ref-type="supplementary-material"}; [@bib37]). However, despite apoptosis elimination and remarkable neurological recovery, brain volume of *CITK*-null mice is only partially restored by *Trp53* inactivation. This finding suggests that, in *CitK −/−* mice, TP53-independent reduction of cell proliferation may contribute to microcephaly. Consistent with this possibility, we detected in DKO developing cerebella a TP53-independent growth-inhibitory signature, characterized by increased p21 and p73 expression. This growth-suppressive program could be activated by cytokinesis failure, as shown in other cell types ([@bib17], [@bib43]). However, gene expression analysis in DKO cerebella did not provide specific indications about this issue. In particular, we could not detect a significant activation of the Hippo pathway ([@bib17]). If growth suppression does not result from cytokinesis failure, it might be triggered by TP53-independent events activated by DNA damage, as those described in mammalian cells treated with mutagens ([@bib49]). Thus, the mechanism underlying the growth-suppressive pathway in *CIT/CITK-*dependent microcephaly remains an open issue.

In conclusion, our study reveals a conserved function for *CIT* in ensuring genomic stability and supports the notion that blocking TP53 signaling during development can attenuate the phenotypic consequences of at least a subset of mutations leading to severe microcephaly.

Experimental Procedures {#sec4}
=======================

Experimental Animal Work {#sec4.1}
------------------------

Experiments involving samples from mutant and control mice have been performed conforming to the Italian laws on animal experimentation and under the supervision of the veterinary service of our animal facility. The corresponding experimental protocols have been approved by the Italian Ministry of Health, Department of Public Veterinary Health with approval number 343/2015-PR, released on 08/05/2015.

Statistical Analysis {#sec4.2}
--------------------

Statistical analyses were performed using Microsoft Office Excel or Graphpad (GraphPad Software). Unpaired Student's t test and Welch's unequal variances t test was used for p values determination. Values represented the mean and the SE of at least three independent experiments.

Additional materials and methods are described in the [Supplemental Experimental Procedures](#mmc1){ref-type="supplementary-material"}.
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![CITK Prevents DNA Damage Accumulation in the Developing Nervous System\
(A) Cerebral cortex sections of E14.5 mouse embryos stained anti-γH2AX antibodies and DAPI. The scale bars represent 25 μm.\
(B) Quantification of γH2AX fluorescence intensity per cell in sections obtained as in (A).\
(C) Western blots of cell lysates from P4 cerebella of *CitK* −/− and control mice (*+/+* and *+/*−) probed with anti-H2AX and anti-γH2AX antibodies. Quantification of the γH2AX/H2AX ratio is shown.\
(D) NPCs from E12.5 embryo cortices stained for γH2AX (green), 53BP1 (red), and DNA (DAPI, blue). The scale bars represent 10 μm.\
(E) Quantification of γH2AX foci or 53BP1 foci per cell in NPCs.\
(F) Cells stained as in (D) were classified as diploid (D) or tetraploid/polyploid (T/P) by quantification of the DAPI signal (see [Experimental Procedures](#sec4){ref-type="sec"}) and as γH2AX positive if they displayed more than five foci/cell.\
Two tails unpaired Student's t test was used for the statistical analysis of these experiments (n = 3--6 per group). Graphs show mean ± SEM. ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001.](gr1){#fig1}

![CITK Has a Phylogenetically Conserved Role in Maintenance of Genome Integrity\
(A) DAPI-stained metaphase spreads from control and CITK-depleted ONS-76 cells. An acentric isochromatid fragment is indicated in the inset (arrow).\
(B) Frequencies of CABs in mock-treated or CITK-depleted ONS-76 metaphases.\
(C) *Drosophila* brain squashes from wild-type (wt) *dck*^*1*^ and *dck*^*2*^ mutant larvae stained with anti-γH2Av antibodies and DAPI.\
(D) Frequencies of negative (0--5 γH2Av foci/cell), moderately positive (6--15 foci/cell), or strongly positive (\>15 foci/cell) cells in the samples shown in (C).\
(E) Diploid DAPI-stained metaphase spreads from control (wt) and mutant (*dck*^*1*^ and *dck*^*2*^) *Drosophila* larval brains showing broken chromosomes (arrows and stars).\
(F) Frequencies of chromosome aberrations (CABs) in untreated (NT) or irradiated (IR) (4Gy of X-rays) diploid larval brain cells from wild-type or *dck* mutant larvae.\
The scale bars in (A) and (C) represent 5 μm. Two tails unpaired Student's t test was used for the statistical analysis of these experiments (n = 3--4 per group). Graphs show mean ± SEM. ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001.](gr2){#fig2}

![CITK-Depleted HeLa Cells Display Reduced DNA Damage Recovery and Enhanced Radiosensitivity\
(A) Representative nuclei of HeLa cells transfected with mock siRNA (CTRL) or with CITK-specific siRNAs; cells were irradiated with 4 Gy and stained with anti-γH2AX antibodies at the indicated post-irradiation times.\
(B) Quantification of γH2AX fluorescence intensity per cell in (A).\
(C) Representative nuclei of HeLa cells treated as in (A) and stained with anti-53BP1 antibodies at the indicated post-irradiation times.\
(D) Quantification of γH2AX fluorescence intensity per cell in (C).\
(E) Plating efficiency of control and CITK-depleted HeLa.\
(F) Clonogenic survival assay of control and CITK-depleted HeLa cells irradiated with the indicated IR dosage.\
Two tails unpaired Student's t test was used for the statistical analysis of these experiments (n = 3--7 per group). Graphs show mean ± SEM. ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001.](gr3){#fig3}

![CITK*-*Depleted HeLa Cells Are Defective in RAD51, but Not in 53BP1, Recruitment at γH2AX Foci\
(A) HeLa cells stained with anti-γH2AX and anti-RAD51 antibodies before irradiation or 4 hr after irradiation (X-rays, 4 Gy).\
(B and C) Examples of co-localization profiles between γH2AX and RAD51 signals in HeLa cells treated as in (A). Fluorescence intensity was plotted for the two channels along a 6-μm-long line, randomly drawn in the nuclei of exemplar cells.\
(D--F) Quantitative analysis of the RAD51 signals in cells treated as in (A); each dot corresponds to one nucleus. The dot plot graphs show the fluorescence intensities of the RAD51 signals (D), the RAD51/γH2AX fluorescence ratios (E), and a quantification of co-localization of the γH2AX and RAD51 signals determined by the Manders overlap coefficient (F).\
(G) Nuclei from NPCs from E12.5 embryo cortices stained with anti-γH2AX, anti RAD51, and DAPI. The scale bars represent 5 μm.\
(H) Quantification of the RAD51/γH2AX fluorescence ratios of (G).\
(I) CITK-Cherry or Cherry Empty vectors were overexpressed in 293T cells by transfection, and the lysates were subjected to immunoprecipitation using an anti-RAD51 antibody. Immunoprecipitates (IPs) and whole-cell extracts (cell lysate) were immunoblotted with the indicated antibodies.\
(J) Total lysate of ONS-76 medulloblastoma cells, transfected with control or CITK-specific siRNAs, were immunoprecipitated with anti-RAD51 antibodies. Endogenous CITK and RAD51 were then revealed by western blotting (WB). The scale bars represent 5 μm.\
Two tails unpaired t test with Welch's correction was used for the statistical analysis of these experiments (n = 3--4 per group). Graphs show mean ± SEM. ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001.](gr4){#fig4}

![Neuroanatomical Rescue of the *CitK* Knockout Mice Phenotype by *Tpr53* Deficiency\
(A) Representative western blots of cell lysates of P4 cerebella from *CitK* −/− and control mice (*+/+*) probed with the indicated antibodies. Quantification of the relative density between P-TP53 and TP53 is shown.\
(B) Brain morphology in 30-day-old mice of the indicated genotypes.\
(C) Frozen sections of P8 cerebella from mice of the indicated genotypes stained with anti-calbindin antibodies and DAPI.\
(D) Frozen sections of neocortex from P21 mice of the indicated genotypes stained with anti-Calretinin antibodies and DAPI.\
The scale bars correspond to 50 μm in (C) and to 200 μm in (D). Two tails unpaired Student's t test was used for the statistical analysis of these experiments (n = 3--5 mice per group). Graphs show mean ± SEM. ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001.](gr5){#fig5}

![Apoptosis of *CitK*-Null Neural Progenitors Is TP53 Dependent\
(A) Frozen sections of cerebella from P6 mice of the indicated genotypes stained with TUNEL assay (apoptotic cells, red) and DAPI. Quantification of apoptotic cells in the indicated genotypes is shown. The scale bars represent 50 μm.\
(B) Distribution of TUNEL-positive cells in coronal sections of E14.5 embryonic brains; CX, neocortex; GE, ganglionic eminence.\
(C) Examples of cortical plate cells in developing neocortices of mice of the indicated genotypes, stained with Nissl and DAPI. The scale bars represent 25 μm.\
(D) Flow-cytometric analysis of DNA content in postnatal cortices (P14) from mice of the indicated genotypes.\
(E) DAPI-stained ventricular regions of E14.5 cortices from embryos of the indicated genotypes. Note the presence of tripolar metaphases (blue arrows) and anaphases (red arrows); bipolar metaphases and anaphases are indicated by yellow and green arrows, respectively. The scale bars represent 10 μm.\
(F) Quantification of normal and aberrant mitoses in the samples shown in (E).\
Two tails unpaired Student's t test was used for the statistical analysis of these experiments (n = 3 mice per group). Graphs show mean ± SEM. ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001.](gr6){#fig6}

![TP53 Inactivation Rescues the Clinical Phenotype of CitK Knockout Mice\
(A) Survival curves of mice of the indicated genotypes.\
(B and C) Spontaneous horizontal (B) and vertical (C) movements in 2-month-old mice of the indicated genotypes.\
(D) Mean dominant frequency (MDF) of theta band, measured on EEG recording in 4-week-old mice of the indicated genotypes.\
(E) EEG recordings in 12-day-old mice of the indicated genotypes.\
Two tails unpaired Student's t test was used for the statistical analysis of these experiments reported in (B) and (C) (n = 3--10 mice per group). Graphs show mean ± SEM. ^∗^p \< 0.05; ^∗∗^p \< 0.01; ^∗∗∗^p \< 0.001; ns, not significant.](gr7){#fig7}
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